Search for isotropic γ radiation in the cosmological window between 65 and 200 TeV by Martínez, S. et al.
16 March 1995 
PHYSICS LETTERS B 
ELSEVIER Physics Letters B 347 (1995) 161-170 
Search for isotropic y radiation in the cosmological window 
between 65 and 200 TeV 
HEGRA Collaboration 
A. Karle a,’ , S. Martinez b, R. Plaga a,2, F. Arqueros b, K.H. Becker c, S.M. Bradbury a, 
J. Femandeza, P. Femandezd, V. Fonsecab, B. FunkC, V. Hausteine, G. Heinzelmann e, 
V. Henke e, H. Krawczynski e, F. Krennrich”, M. Kuhn d, A. Lindner e, E. Lorenz a, 
N. Magnussen ‘, V. Matheis f, M. Merck a,3 , H. Meyer ‘, R. Mirzoyan a, N. Mtiller d, D. Petry ‘, 
J. Prahl e, C. Prosch a, D. Renker s, W. Rhode ‘, M. Rozanska h, M. Samorski d, H. Sander d, 
D. Schmelee, R.N. SoothC, W. Stammd, S. Westerhoff”, B. Wiebel-SoothC, M. Willmerd 
a Max-Planck-Institut fir Physik, Fiihringer Ring 6. D-80805 Miinchen, Germany 
h Fact&ad de Ciencias Fisicas, Universidad Complutense. E-28040 Madrid, Spain 
c BVGH Wuppertal, Fachbereich Physik, GauJstr. 20. D-421 19 Wuppertal, Germany 
d Vniversitiit Kiel, Inst. flir Kerphysik, Olshausenstr. 40. D-24118 Kiel, Germany 
e Universitat HamburgJI. Inst. fur Experimentalphysik. Luruper Chaussee 149, D-22761 Hamburg, Germany 
f Max-Planck-lnstitut fiir Kerphysik, PO. Box 103980. D-69029 Heidelberg, Germany 
8 Paul-Scherrer-lnstitut, CH-5235 Villigen, Switzerland 
h University of Cracow, ul. Kawiory 26a, PL 30-055 Cracow, Poland 
Received 28 October 1994 
Editor: K. Winter 
Abstract 
Electromagnetic energy injected into the universe above a few hundred TeV is expected to pile up as y radiation in a 
relatively narrow energy interval below 100 TeV due to its interaction with the 2.7”K background radiation. We present an 
upper limit (90% C.L.) on the ratio of primary y to charged cosmic rays in the energy interval 65-160 TeV (80-200 TeV) 
of 10.3 . 10e3 (7.8 . 10-3). Data from the HEGRA cosmic-ray detector complex consisting of a wide angle Cerenkov 
array (AIROBICC) measuring the lateral distribution of air Cerenkov light and a scintillator array, were used with a novel 
method to discriminate y-ray and hadron induced air showers. If the presently unmeasured universal far infrared background 
radiation is not too intense, the result rules out a topological-defect origin of ultrahigh energy cosmic rays for masses of the 
X particle released by the defects equal to or larger than about 1016 GeV. 
1. Introduction 
’ present address: IW DESY-Zeuthen, D-15735 Zeuthen, 
Germany 
* corresponding author: plaga@ hegral .mppmu.mpg.de 
“present address: MPI fur Extraterrestrische Physik, D-85748 
Garching, Germany 
While there is widespread agreement that cosmic ra- 
diation with energies above 1019 eV is of extragalactic 
origin, its sources are unknown presently [ I]. One ap- 
0370-2693/95/$09.50 @ 1995 Elsevier Science B.V. All rights reserved 
SSDI 0370-2693 (95)00132-S 
162 HEGRA Collaborarion/Physics Letters B 347 (1995) 161-I70 
preach to learn more about this part of the cosmic-ray 
spectrum, vigorously followed by various groups [ 11, 
is its direct observation with very large air-shower ar- 
rays. There is also an indirect way to obtain infor- 
mation on this problem, namely the observation of 
diffuse y-radiation at energies between about 65 and 
100 TeV [ 21 (“the cosmological window”). At ener- 
gies above the so called Greisen cut off around 6.1019 
eV, baryons have quite a short pathlength before they 
suffer photonuclear reactions with the photons of the 
universal microwave background radiation (MBR) . 
The produced pions decay into photons, electrons and 
neutrinos. Because the electromagnetic decay prod- 
ucts themselves have a short pathlength until they un- 
dergo various reactions with the MBR (and possibly 
the universal radio background and intergalactic mag- 
netic fields) [3] it is inevitable that an electromag- 
netic cascade develops in the universe as a result of 
the presence of cosmic radiation above the Greisen 
cut off. At energies below about 100 TeV pair pro- 
duction reactions with the MBR become energetically 
impossible and the universe suddenly gets much more 
transparent o y rays than at higher energies. The prod- 
ucts of the cascade are thus expected to pile up in a 
relatively narrow energy interval below 100 TeV [ 21. 
This Letter reports about a search for this piled up 
y radiation. Because no energy is actually lost in an 
electromagnetic cosmological cascade, the total num- 
ber of photons with energies near 100 TeV is much 
larger than the original injected ultrahigh energy pho- 
tons, These cascade products are therefore observable 
with relatively small arrays with a y-hadron separation 
capability at these relatively low energies. 
Halzen et al. [2] made the conservative assump- 
tion that the observed cosmic radiation above 1018 eV 
is universal and continues to higher energies with a 
power law of differential index -3. Under these as- 
sumptions the fraction f, of photon induced show- 
ers between 65 and 100 TeV relative to the integral 
background of charged cosmic-ray induced showers 
above 65 TeV was computed to be about 1O-5 [ 21. 
Wdowczyk et al. [4] got a value of f, = 3 . 10e5 
under similar assumptions both in scenarios with and 
without an intergalactic magnetic field. 
Topological defects are discussed as a source for the 
observed cosmic radiation above 1019 eV [ 51. In this 
case the (still barely observable) radiation above lo*’ 
eV exhibits a very hard spectrum with a differential 
index of -1.3. Aharonian et al. showed [ 31 that in 
this case fu could be as large as 4% because the hard 
spectrum injects more electromagnetic radiation into 
intergalactic space than the softer spectra expected for 
conventional theories of cosmic-ray origin. The same 
scenario was also studied by Chi et al. [ 61 with similar 
results. 
The possibility to find direct evidence for topologi- 
cal defects (whose possible existence is also discussed 
as an explanation for the temperature fluctuations in 
the MBR [ 71) makes a measurement of fr very im- 
portant even if the resulting upper limit is expected to 
stay above the “conservative” expectation of Halzen 
et al. [2]. 
The references quoted above ignored a possible re- 
duction of fY due to absorption in an universal far in- 
frared background. Estimates of this background tak- 
ing into account only the well known radiation shares 
from the galaxy population at cosmological distances 
[8,4] predict a negligible influence on fr. Another 
evaluation [ 91, which nearly exhausts experimental 
upper limits on the far infrared background radiation, 
could lead to a reduction in the predicted fY of about 
a factor of a hundred according to simple estimates. 
Definitive predictions for f, in various scenarios thus 
have to await an experimental determination of the 
universal far infrared background. 
In the next section it is shown that no stringent ex- 
perimental upper limit on f, has been given up to now. 
This analysis presents such an upper limit obtained 
with the air-shower array HEGRA. The discrimination 
of gamma-ray and hadron induced showers has been 
carried out by applying a novel method based on the 
knowledge of the lateral distribution of the Cerenkov 
light and the shower size N, from charged particles 
at ground level. A Cerenkov detector is particularly 
well suited for this task because it exhibits a good en- 
ergy resolution ( 13% for y ray induced showers from 
Monte Carlo simulations) allowing to only analyze 
showers in the relatively narrow energy window of in- 
terest. 
There are separate publications on the hardware 
setup of AIROBICC and its operational characteristics 
[ lo], the Monte Carlo (MC) calculations on which 
this letter relies [ 111 and the details of our y-hadron 
separation method [ 121. Below these subjects are only 
briefly summarized with an emphasis on the exact 
setup for the data used for the present analysis. 
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2. Previous limits on diffuse y radiation between 
30 and 100 TeV 
There have been two previous efforts to set limits 
on the y-ray background between 30 and 100 TeV. 
This section attempts to reinterpret these limits (which 
were given in more general context) as limits on fY. 
The BASJE Collaboration [ 131 using measurements 
of the muon content of airshowers on Mount Chacal- 
taya quotes an upper limit on the flux of y rays relative 
to the hadronic background of 6 . 10m4 for “energies 
larger than 30 TeV”. By this the authors mean that the 
lowest energy showers in their sample have an energy 
of 30 TeV, their energy threshold seems to lie much 
higher, however. In a later publication the same group 
[ 141 retracts its earlier result pointing out that it un- 
derestimated the number of muons in y-ray showers. 
Simple estimates indeed show that the cuts used in 
Ref. [ 131 are very severe and could easily cut more 
than 90% of the primary y-rays. 
It would be very worthwhileto reanalyze the BASJE 
data to obtain a limit on f, using advanced MC meth- 
ods; at the moment no limit on f, can be derived from 
their publications. 
In a recent communication He and Zhu [ 151 claim 
to set an upper limit on the fraction of y rays rela- 
tive to the cosmic-ray background of 10e3 in the en- 
ergy range 5 TeV to 1 PeV. Their analysis is based 
upon published emulsion-chamber data of the flux of 
the electromagnetic omponent in the atmosphere. The 
authors present a simplified theoretical calculation of 
this flux without taking into account the chemical com- 
position of the primary cosmic rays and find good 
agreement with the data thus ruling out an additional 
“primary” y-ray component at the stated limit. 
This method is rather indirect and it seems possible 
that the good agreement between data and theoretical 
calculation found by He and Zhu is somewhat fortu- 
itous. The previous literature on this subject [ 16,171 
shows a strong dependence of the calculated fluxes on 
fine details of the interaction model and especially on 
the chemical composition. The calculation of Navia et 
al. [ 171 e.g. shows a factor of 5 difference in the elec- 
tromagnetic flux above 5 TeV at 100 g/cm2 for pure 
protons versus a realistic chemical composition. Tak- 
ing into account uncertainties in the hadronic inter- 
action model, chemical composition, and the absolute 
flux of primary cosmic rays all theoretical calculations 
of the atmospheric electromagnetic component in this 
energy are bound to have systematic normalization 
and shape uncertainties of at least 20%. The emulsion 
data have similar flux uncertainties from the energy 
determination error alone. It therefore seems doubtful 
at present to constrain additional primary electromag- 
netic components with a comparison of data versus 
theory to much better than 20%. 
3. Experimental setup 
The data were taken with the HEGRA air-shower 
array at the beginning of 1993 on the Canary Island 
La Palma (17.7O W, 28.8” N, 2200 m a.s.1.) [18]. 
The array covered an area of roughly 35000 m2 on 
the ground. The principal components relevant for this 
measurement were: 
- An array of 169 plastic-scintillator detector stations 
with an active area of typically 0.9 m2 each, on a 
grid with 15 m station distance (called “P169” be- 
low). Each station consists of a 4 cm thick plas- 
tic scintillator sheet covered with 5 mm of lead, 
viewed from below by two photomultiplier tubes 
which measure the arrival time and the number of 
incoming charged particles respectively. 
- The AIROBICC array of 49 open photomultiplier 
detector stations on a 30 m grid with a photomul- 
tiplier tube (diameter 20 cm) viewing directly the 
night sky to detect eerenkov light from the air 
shower. A mirrored Winston cone increases the light 
collection area and restricts the angular acceptance 
for showers to within about 35” from the zenith. A 
filter with a spectral acceptance from 300 to 470 
nm above each station reduces the background from 
diffuse night-sky light by a factor two. 
Fig. 1 shows a light disk from an air shower ap- 
proaching the AIROBICC matrix on the ground. The 
arrival times and amplitudes of the depicted cone are 
measured in the 49 stations. Two X2-fits to the time 
and amplitude data are then performed to obtain in- 
formation about the direction and properties of the 
shower, respectively. 
Whenever more than 14 scintillator huts or 6 AIRO- 
BICC huts were triggered within an interval of 150 
nsec and 200 nsec respectively, the amplitudes and 
relative times of all huts were recorded. The scintil- 
lator hut threshold was 0.3 minimum ionizing parti- 
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Fig. 1. Schematic picture of the light cone of an air shower 
approaching the AIROBICC matrix from the direction of the arrow. 
Near the center of the array a Cerenkov telescope is shown, which 
serves to check the absolute orientation of the array [ 101. In 
the background the “Roque” mountain range is outlined with an 
optical telescope measuring the transparency of the atmosphere 
(see text). 
cles equivalent, whereas the AIROBICC hut thresh- 
old (set to a level of five times the mean night-sky 
background fluctuation during integration time) was 
4200 photons/m*. On nights with optimal atmospheric 
transmission (see Section 5) these conditions corre- 
spond to an energy threshold of about 16 TeV for pri- 
mary y rays [ II], and provide a raw AIROBICC trig- 
ger rate (hadron dominated) of about 14 Hz. 
Only measurements larger than about 12000 
photons/m2 (the exact value varies somewhat among 
different stations) from the so called “low gain” chan- 
nel [ lo] were used in the analysis of pulse heights 
from AIROBICC. 
4. Event reconstruction 
The P169 pulse height data were used to deter- 
mine the shower size N, at ground level using stan- 
dard methods with some improvements [ 11,121 to re- 
duce the error for small showers. Here N, is the fitted 
shower size (number of particles in NKG fit), which 
is about 2-4 times larger than the actual number of 
electrons on the ground [ 111. Pulse height data from 
AIROBICC were first normalized against each other 
by using the fact that stations with an equal distance 
from the core have to register on average the same 
light density. 
The lateral distribution of the Cerenkov light den- 
sity p,, as a function of the distance r to the shower 
core position is well approximated [ 10,121 by a sin- 
gle exponential for 10 m < r < 90 m. 
p/, =a.exp(-r/To). (1) 
Here a (in units of photons/m2) and the “light ra- 
dius” ro (in units of m) (which is a measure for the 
steepness of the lateral distribution) are free parame- 
ters. After correcting for the response function of the 
preamplifier, the measured AIROBICC amplitudes are 
proportional to p,, at the station position. A x*-fit of 
the experimental amplitudes in the interval 10 m < 
r < 90 m to Eq. (1) then provides estimates of ra 
and a (in amplitude units). The absolute normaliza- 
tion of the measured light density has been carried out 
by using MC data [ 111. Two sets of MC showers in 
the energy range of this work with a zenith angle of 
10 and 25 degrees respectively, and a realistic chem- 
ical composition of 70% low, 20% medium and 10% 
heavy primaries were subjected to the same analysis 
and cuts as the real data. By comparing the value of a 
(in photons/m*) for MC showers with that of the real 
data (in amplitude units) for the same shower size N,, 
it has been possible to determine the normalization 
factor to convert the experimental amplitude units to 
photons/m*. The absolute normalization of the exper- 
imental N, was obtained by comparing the position of 
the “single minimum ionizing particle (MIP) peak” 
[ 191 in the MC and experimental data. This procedure 
to obtain the absolute normalization of the measured 
photon densities is superior to a direct determination 
of the absolute light level, because the further analy- 
sis in Section 6 directly depends on the light/N, ratio 
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and systematic errors in the determination of this ratio 
will tend to cancel to first order. 
Light intensities used in this work (namely the light 
density at x m distance from the shower core L,) 
are always obtained by evaluating or integrating Eq. 
( 1) with the parameters obtained from the described 
procedure for a given shower. They are always given 
in number of photons/m2 in our spectral window. 
5. Selection of data 
Only the data from P169 and AIROBICC were 
used. A selection of optimal nights is a critical proce- 
dure for detectors analyzing Cerenkov radiation which 
are sensitive to changing atmospheric light transmis- 
sion [ lo]. As expected, there is fraction of nights in 
which the major contributors to time variable absorp- 
tion (dust and water vapor) have a negligible influence 
on the measurements and in which all mean param- 
eters of the light and electron distributions are equal 
to within the systematic errors of about 5%. The most 
suited parameters for a selection are the mean of the 
ratio N, / L9a over many showers, which is sensitive to 
the total absorption in the atmosphere, and the mean 
of the light radius which is sensitive to the differential 
absorption with height. We find e.g. that high cirrus 
leads to steeper mean light radii due to the selective 
absorption in the upper part of the shower develop- 
ment (5-l 0 km). Only nights which fulfilled the fol- 
lowing conditions were chosen for further analysis: 
- mean of logto (N,/L90) < 0.3 
- mean light radius r-0 of the shower sample> 60 m 
As a further independent criterion we only accepted 
nights in which the Carlsberg Meridian Circle (2 km 
away from the array) measured an extinction at a 
wavelength of 550 nm of I 0.3m (astronomical mag- 
nitudes) [ 201. Data from 3.5 such nights with a total 
of 7 . 10s events in February and March 1993 were 
selected for the present analysis. 
The following quality cuts were applied both to the 
real and MC data: 
- xzed < 2 in the fits to time and amplitude data men- 
tioned in Section 4 
- ( 180”-opening angle of timing cone) is in the in- 
terval 26-46 mrad 
- light radius ro is in the interval 25-140 m 
- distance of core position as determined by scintilla- 
tor array and AIROBICC data respectively < 12 m 
- reconstructed core position inside array and distance 
of the core from edge of array > 25 m 
These quality cuts are useful to exclude incorrectly 
fitted showers, e.g. due to very large showers with 
their core outside the array boundaries. Such showers 
are not included in our MC simulation. We ensured 
in the MC data that the cuts do not reject photon in- 
duced showers preferentially. Only showers with more 
than 30 scintillator and 20 AIROBICC stations over 
threshold were used because for smaller showers the 
y-hadron separation capability worsened considerably. 
A further cut on L, was applied to restrict the energy 
range to the “cosmological window”: 
- 15000/m2 < L90 < 40000/m* 
The remaining showers were grouped in two zenith 
angle groups O-18” (2796 showers, called Ml0 be- 
low) and 18-32” (3526 showers, called M25) cor- 
responding to two MC data sets at 10 and 25 de- 
grees [ 111. The equivalent energy interval (defined as 
the energies where primary photons trigger the array 
with 50% probability) was determined from the MC 
data for the M 10 and M25 sample as 65- 160 TeV and 
80-200 TeV, respectively [ 101. The systematic error 
in this threshold determination resulting mainly from 
limited MC statistics is estimated to be about 5 TeV. 
6. Analysis for ylhadron ratio fy 
Our discrimination between primary photons and 
hadrons [ 121 (the method is called “LES” for Light- 
Electrons-Slope) rests on the fact that on average 
hadronically induced showers develop slower longitu- 
dinally after their maximum, i.e. they are somewhat 
“longer”. This leads to a ratio of particles at ground 
level (which measures the size of the shower at this 
level) to Cerenkov light ha (which integrates over the 
shower development) which is about a factor of 1.6 
smaller for photon induced showers than for hadronic 
showers, provided the showers have their maximum at 
the same atmospheric depth. In the present work we 
used the integral of Eq. (1) from O-100 m .?.G~OCI as 
a measure of total light. 
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Fig. 2. Ilhtstration of the LES method. The distribution of detector MC events in a logto( N,lamount of light) versus light radius rtt 
diagram for various primaries ((a) y, (b) protons, (c) Oxygen, (d) Iron) is shown. Here and below the size of the squares is linearly 
proportional to the event number in the respective bin. The continuous lines correspond to LES = 0.4 in all diagrams. The dashed line 
labeled with ‘LES = 0.0’ indicates the position of the “cut line” if the value of the LES parameter is chosen as zero. 
loom 
z+]oo = 27T J a exp( -r/t-o) r dr. (2) 
Om 
It was verified that virtually the same final results are 
obtained using Lsa instead. The depth of the shower 
maximum can be shown [ 121 to be proportional to the 
light radius. In order to compare only showers with 
the same position of the maximum we plot the decadic 
logarithm of Ne/L+ 100 against the light radius. Be- 
low a “cut line” of empirically chosen shape events 
are accepted as candidates for y-ray initiated showers, 
above this line events are rejected as hadron initiated 
(Fig. 2). The cut line is shifted parallel to the ordinate 
by an amount parametrized by the “LES parameter” 
until the discrimination is optimal for a given applica- 
tion. 
Fig. 3 shows the experimental data set Ml0 with 
a cut corresponding to LES < 0.4. Showers below 
the cut line corresponding to the chosen LES value 
of LES = 0.4 are accepted as “y candidates”. Fig. 4a 
shows the number of MC y ray and hadron showers 
as a function of the LES parameter, Fig. 4b. is the 
same diagram for experimental data. This diagram was 
produced by shifting the cut line in Fig. 2 from a value 
of 0 upwards in steps of ALES = 0.02 and plotting the 
number of events accepted as y candidates in addition 
after a given step on the ordinate. Fig. 5 shows the 
fraction of “y candidates” for MC y-ray and proton, 
oxygen and iron induced showers as a function of the 
LES parameter. 
There are two strategies to set an upper limit on the 
experimental fraction PY of primary y rays in the total 
data sample. In method a one subtracts the expected 
number of background events below the LES cut line 
from the “y candidates”. An upper limit is calculated 
on the resulting number of events and this upper limit 
is divided by the total sample size. The highest sensi- 
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Fig. 3. LFS plot of the data set MlO. The number of showers as 
a function of light radius and the logto( N,lamount of light) is 
displayed. The line corresponding to LES = 0.4 indicates a cut, 
only events below this line are accepted as y rays. 
tivity of this method is reached for the “optimal” value 
of LES which can be shown to be the one that max- 
imizes the “quality factor” SY/& in the MC data 
containing photons and hadrons. Here S, and &ad are 
the fractions of MC primary photon and hadron events 
respectively, which pass a given LES cut. For AIRO- 
BICC we find the best sensitivity for method a at LES 
< 0.4 corresponding to an accepted fraction for pri- 
mary photons of about 50% (see Fig. 5). Method a 
is a good strategy if the number of expected back- 
ground events is well known (as for example in the 
case of point source searches where a background re- 
gion away from the source direction is chosen). 
In the present analysis the background is known 
only from the Monte Carlo simulation however. The 
size of our MC library of 2400 showers [ 111 (the 
size is limited by the available computing time, the li- 
brary corresponds to one year of continuous running 
on a dedicated DECstation) is too small to allow a sta- 
tistically reliable determination of the expected back- 
ground after the very restrictive cut on LES. More- 
over the region of accepted showers is a very extreme 
one for hadronic showers (corresponding to hadronic 
showers which develop unusually fast) and it remains 
doubtful at the moment whether CORSIKA [ 211, the 
airshower simulation code used for our library, mod- 
els this small “spillover” well. We therefore prefer 
Monte-Carlo 
i 
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LES 
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Fig. 4. (a) The number of MC events in the sample MlO, as a 
function of LES. The continuous (dashed) line is a Gaussian fit to 
the hadron ( y) data. (b) The same as (a) for experimental data. 
another more conservative strategy in which the ex- 
pected background is not subtracted from the event 
number below the LES cut line (method b) . Instead 
all events below the cut line are considered as “y-ray 
candidates”. An upper limit on Pr is derived directly 
on the ratio of the number of “y candidates” to total 
sample size. In this case &@j/&, has to be minimized 
to find the optimal LES, leading to the cut LES < 
0.275 for our Ml0 data sample (see Fig. 6) ; this value 
was also used for the M25 sample. 
LES < 0.275 corresponds to an accepted fraction S, 
of primary photons of only about 10% (see Table 1 for 
a summary of all results). We estimate the systematic 
error of this efficiency for the Ml0 (M25) sample by 
168 
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HEGRA Collaboration/Physics Letters B 347 (1995) 161-170 
Summary of results for data sets MiO (energy range 65-160 TeV) and M25 (energy range 80-200 TeV, these resuits are given in 
brackets). The results are given both for LES < 0.4 (optimal if expected background is known. method a) and LES < 0.275 (optimal 
for M25 if all events passing the cuts are interpreted as signal, method b). Pr is the fraction of events accepted as primary photons in 
the raw data sample after correcting for the efficiency of the LES cut. 
no cuts LES < 0.4 LES < 0.275 
y shower (MC) (events) 
y shower (MC), fraction S, 
exp. data (events) 
exp. data, fraction SeXP 
Pv = SqJS, 
upper limit on Pv (90% CL.) 
upper limit on fr (90% CL.) 
249 (165) 149 (90) 22 (19) 
100 (lOO)% 60 (54)% 8.8 (Il.??)% 
2796 (3526) 177 (123) 4 (5) 
100 (lOO)% 6.3 (3.5)% 0.14 (0.14)% 
10.5 (6.5)% 1.6 (1.3)% 
12.7 (8.2)% 4.7 (3.3)% 
2.8 (1.8)% 1.03 (0.78)% 
0.6 
,, 1,,,,,,,,~ 
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LES LE.5 
Fig. 5. Fraction of events accepted as “y candidates” as a function 
of the LES parameter. 
Fig. 6. Ratio of the fraction of accepted y events to accepted 
hadron events in the Ml0 experimental data set. The minimum 
indicates the best possible limit on this ratio with the given set of 
data. 
quadratically adding the statistical error of the deter- 
mination (it is based on about 20 accepted MC events) 
and the systematic error arising from the imprecision 
of the MC simulation program and remaining instru- 
mental uncertainties. To estimate the latter part of the 
systematic error we varied the standard deviation of 
the MC LES distribution for y induced showers (Fig. 
4a) by a factor equal to the ratio of the standard de- 
viations of the experimental and LES distributions for 
hadron showers (Fig. 4a and 4b). The ensuing change 
in the accepted fraction was taken as an estimate for 
the systematic error of S,. We arrive at a total system- 
atic error on .S, for LES < 0.275 of about 48 (45)s 
for the M 10 (M25) sample. The total systematic error 
for the LES < 0.4 cut is 8.2 ( 10.5)s and is domi- 
nated by the statistical part. This estimate is conser- 
vative because S, relies only on the electromagnetic 
part of our MC which is probably more reliable than 
its hadronic part. 
Using standard techniques [22] we calculated a 
Poissonian upper limit on the number of “y candi- 
dates” in the LES distribution of the experimental data. 
This number was conservatively increased by the sys- 
tematic error and divided by the total sample size and 
S, to get an upper limit Pr. To finally obtain an up- 
per limit fr on the ratio of the total cosmic ray to the 
primary y ray flux one has to divide Pr by a factor 
k = ( ThlTr) ‘.7 where Th and T, are the energy thresh- 
olds of primary photons and hadrons according to the 
chosen cuts respectively. The exponent of 1.7 is de- 
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termined by the spectral index of the hadronic back- 
ground radiation. We determined k with the MC data 
to be about 3.6 for our values [23,11]. In addition we 
have to divide Pr by a factor 1.3 to correct for the 
fact that the energy interval for hadrons is bounded at 
high energies, whereas f, is given as the ratio to the 
integral cosmic ray flux (remember that there is no 
significant flux of cosmological photons above the up- 
per limits of the energy intervals because of the strong 
absorption by the MBR) . 
Our final results are 90% CL. upper limits on the 
ratio f,, of the primary photon flux F, to the total 
cosmic-ray flux FCR: 
,f,(> SOTeV) = 
Fy (80 TeV < E < 200 TeV) 
FCR( E > SOTeV) 
< 7.8. 10e3 (from sample M25) 
,fyy( > 65 TeV) = 
F,(65TeV < E < 160TeV) 
FcR(E > 65TeV) 
< 10.3. 10e3 (from sample MlO) 
The accepted events were scanned individually and 
found to have no distinctive properties except their low 
N, to light ratio. Method b does not allow to positively 
identify whether they are primary photons or residual 
background. 
7. Discussion 
The predicted value for fy (E > 65( 80) TeV) in 
the topological defect scenario of Aharonian et al. [ 31 
is 0.04 (0.025) for the case of a mass mx of the X 
particles emitted by the defect of 1016 GeV, a factor 
of 4 (3.5) above the upper limits derived here. We 
conclude that the topological defect scenario for the 
origin of cosmic rays of the highest energies is seri- 
ously constrained by the present data though not ruled 
out due to uncertainties in the physics of topologi- 
cal defects and the intensity estimation of far infrared 
background. 
Further analysis of a larger data set from HEGRA/ 
AIROBICC will allow to improve the stated limits and 
go beyond the assumption of isotropy, which was im- 
plicitly used in the present analysis but might conceiv- 
ably be too simple in some topological defect scenar- 
ios. 
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